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Einstein’s theory of General Relativity was proposed over 100 years ago and has
successfully passed a large number of observational tests in weak gravitational fields.
On the contrary, the strong field regime is still largely unexplored. Astrophysical
black holes are ideal laboratories for testing gravity in the strong field regime. Here
I will briefly review the current efforts of my group to test the strong gravitational
field around black holes using X-ray data from NuSTAR, RXTE, Suzaku, and XMM-
Newton.
I. INTRODUCTION
The theory of General Relativity was proposed by Einstein at the end of 1915 and is
still our standard framework for the description of gravitational fields and of the spacetime
structure. The theory has been extensively tested in weak gravitational fields with exper-
iments in the Solar System and observations of binary pulsars [1]. The interest has now
shifted to test General Relativity in other regimes. The past 20 years have seen significant
efforts to try to verify the theory on very large scales with cosmological tests; this line of
research is mainly motivated by the problems of dark matter and dark energy. Thanks to
∗ Paper presented at the Fourth Zeldovich meeting, an international conference in honor of Ya. B. Zeldovich
held in Minsk, Belarus on September 7–11, 2020.
†Electronic address: bambi@fudan.edu.cn
ar
X
iv
:2
01
0.
03
79
3v
1 
 [g
r-q
c] 
 8 
Oc
t 2
02
0
2new observational facilities, in the past 10 years we have started testing General Relativity
in the strong field regime with astrophysical compact objects.
The gravitational fields around black holes are the strongest gravitational fields that can
be found today in the Universe, which makes these objects ideal laboratories for testing Gen-
eral Relativity in the strong field regime. Black holes can be tested with electromagnetic
and gravitational wave techniques. Electromagnetic tests can investigate the interactions
between the gravity and the matter sectors and can test the Einstein Equivalence Principle
(motion of test-particles and non-gravitational physics in a gravitational field) [2, 3]. Grav-
itational wave tests are sensitive to the Einstein Equations [4, 5]. The two methods are
complementary and a comparison of their constraining power is only possible under specific
conditions [6, 7].
Here I will briefly review the efforts of my group and my collaborators to test the strong
gravitational field of accreting black holes by the analysis of the X-ray radiation emitted
from the inner part of their accretion disks. The astrophysical system of our studies is
sketched in Fig. 1. The central black circle indicates the black hole, which is surrounded
by a geometrically thin and optically thick accretion disk, in grey. Every point on the
accretion disk is in local thermal equilibrium and has a blackbody-like spectrum. The whole
disk has a multi-temperature blackbody-like spectrum: its emission is peaked in the soft
X-ray band in the case of stellar-mass black holes and in the optical/UV band in the case
of supermassive black holes. Thermal photons from the disk, indicated by red arrows in
Fig. 1, can inverse Compton scatter off free electrons in the corona, the yellow region, which
is some hotter (∼100 keV) gas near the black hole and the inner part of the accretion disk.
The Comptonized photons generate a continuum (blue arrows), which can be normally
described by a power law component with a high energy exponential cut-off. A fraction of
the Comptonized photons illuminate the accretion disk, producing a reflection component
(green arrows). More details can be found in [8] and references therein.
II. X-RAY REFLECTION SPECTROSCOPY
X-ray reflection spectroscopy refers to the analysis of the reflection features produced by
illumination of a cold disk by a hot corona. In the past decade, this technique has been
mainly developed for measuring black hole spins [9, 10]. The most prominent features in
3the reflection spectrum are usually the iron Kα complex in the soft X-ray band and the
Compton hump peaked at 20-30 keV. The reflection spectrum of the accretion disk detected
by a distant observer is the result of the reflection spectrum at the emission point and
relativistic effects (Doppler boosting, gravitational redshift, and light bending) occurring
in the strong gravity region around the compact object. In the presence of the correct
astrophysical model and high-quality data, the analysis of these reflection features can be
used to test fundamental physics.
Extending early work in literature calculating iron line profiles from accretion disks in
non-Kerr spacetimes [11–13], we are developing the XSPEC-compatible relativistic reflection
model relxill nk [14, 15]1, which is an extension of the relxill package [16, 17] to non-
Kerr spacetimes. The model has been mainly used with the Johannsen metric [18], which is
a parametric black hole metric in which deviations from the Kerr solution are quantified by
an infinite number of deformation parameters. Employing relxill nk to fit the relativistic
reflection component in black hole X-ray data, we can measure the model parameters, in-
cluding the deformation parameters. As in a null-experiment, we can verify if observations
are consistent with vanishing deformation parameters and thus if they can confirm the Kerr
spacetime around black holes. The model can be used even to test specific non-Kerr black
hole solutions in theories beyond General Relativity [19–21].
Tab. I and Tab. II show our current published measurements of the deformation parameter
α13 of the Johannsen metric (assuming that all other deformation parameters vanish) from
the analysis of X-ray data of, respectively, stellar-mass black holes in X-ray binaries and
supermassive black holes in AGNs. The Kerr metric corresponds to α13 = 0. More details
can be found in the original articles [22–33].
As shown in Tab. I, in Ref. [22] we were not able to constrain α13 in Cygnus X-1. This
is mainly due to the complexity of the source: Cygnus X-1 is a high-mass X-ray binary and
its spectrum is significantly affected by the strong wind from the companion star, which
challenges a robust test of the spacetime metric. In Tab. II, two measurements are not
consistent with the Kerr metric at 90% of confidence level. In the case Fairall 9, the Kerr
metric is recovered at 2-σ. For RBS 1124, the fit provides a few measurements because χ2
1 A public version is available at
http://www.physics.fudan.edu.cn/tps/people/bambi/Site/RELXILL_NK.html.
4has multiple minima; Tab. II just shows the measurement with the lowest χ2, but actually
another measurement with a slightly higher χ2 is consistent with the Kerr geometry. Note
that, even if precise and consistent with the Kerr solution, the measurements of α13 from
Suzaku data of AGNs derived in [27] should be taken with some caution, as they are based
only on the analysis of the soft X-ray band (0.6-10 keV) and some sources are thought to
accrete above the thin disk limit, where relxill nk should not be used [34, 35].
III. CONTINUUM-FITTING METHOD
In the Kerr spacetime, the multi-temperature blackbody spectrum of the accretion disk as
detected by a distant observer depends on five parameters: the black hole mass M , the black
hole distance D, the viewing angle of the disk i, the mass accretion rate M˙ , and the black
hole spin parameter a∗. It is not possible to fit the data of a source and measure the values
of these five parameters because there is a parameter degeneracy. However, if we can get
independent measurements of M , D, and i, for example from optical observations, we can
fit the data and infer the values of a∗ and M˙ . This is the continuum-fitting method [36, 37].
As in the case of X-ray reflection spectroscopy, even the continuum-fitting method can
be extended to non-Kerr spacetimes and be used to test the Kerr metric around black
holes [38, 39]. The technique can be normally applied only to stellar-mass black holes in
X-ray binaries. In the case of supermassive black holes, the thermal component mainly emits
in the optical/UV band, and extinction limits the ability to get accurate measurements of
the spectrum.
Our XSPEC model to calculate thermal spectra of thin disks in non-Kerr spacetimes is
called nkbb [40]. For the moment, we have only applied the model to measure the defor-
mation parameter α13 of the Johannsen metric from RXTE data of the stellar-mass black
hole in LMC X-1 in Ref. [41]. Our measurement is shown in Tab. III. Even in the presence
of high-quality data, the thermal spectrum is often degenerate with respect to the black
hole spin and the deformation parameter, so this technique can normally provide weak
constraints on possible deviations from the Kerr solution with respect to the analysis of
the relativistic reflection features. However, it is potentially possible to test a source with
both techniques, and this can help to get stronger and more robust measurements of the
deformation parameters.
5IV. CONCLUDING REMARKS
Here I have very briefly reviewed the state of the art in tests of the Kerr nature of as-
trophysical black holes using X-ray data. This is quite a new field and its techniques can
be extended to test other predictions of General Relativity, in particular new interactions
between the gravity and the matter sectors. Note that our current constraints on the Jo-
hannsen deformation parameter α13 obtained with relxill nk are an order of magnitude
more stringent than the constraint that can be obtained from the available data of the Event
Horizon Telescope [42].
We are now improving the astrophysical models to study and limit the systematic uncer-
tainties in the measurements of the deformation parameters. Work is in progress to test a
stellar-mass black hole with both the analysis of its reflection features and the continuum-
fitting method. At the moment, the exact mechanism responsible for the quasi-periodic
oscillations (QPOs) in the X-ray spectra of black holes is not well understood. However, for
the future we can expect that even the measurement of the QPO frequencies of a source can
test the strong gravitational field around a black hole. In such a case, we will have the pos-
sibility of testing the same object with three different methods, and presumably get more
stringent and robust constraints on possible deviations from the predictions of Einstein’s
theory of General Relativity.
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9TABLE I: Constraints on the Johannsen deformation parameter α13 from stellar-mass black holes
using relxill nk. The reported uncertainties correspond to the 90% CL (∆χ2 = 2.71).
Source α13 Instrument(s) Reference(s)
Cygnus X-1 unconstrained NuSTAR [22]
GRS 1915+105 0.00+0.05−0.15 Suzaku [23, 24]
GS 1354–645 0.06+0.05−0.31 NuSTAR [25]
GX 339–4 −0.8+0.8−0.6 RXTE [26]
TABLE II: Constraints on the Johannsen deformation parameter α13 from supermassive black
holes using relxill nk. The reported uncertainties correspond to the 90% CL (∆χ2 = 2.71).
Source α13 Instrument(s) Reference(s)
1H0419–577 0.00+0.04−0.14 Suzaku [27]
1H0707–495 −2 ∼ 1 XMM-Newton [28, 29]
Ark 120 0.00+0.01−0.08 Suzaku [27]
Ark 564 −1.0+1.0−0.2 Suzaku [30]
Fairall 9 < −0.3 XMM-Newton+NuSTAR [31]
MCG–6–30–15 0.00+0.07−0.20 XMM-Newton+NuSTAR [32]
Mrk 335 0.2+0.1−1.1 Suzaku [33]
PKS 0558–504 0.03+0.02−0.20 Suzaku [27]
RBS 1124 −0.7+0.1−0.1 Suzaku [27]
Swift J0501.9–3239 0.00+0.03−0.07 Suzaku [27]
Ton S180 0.01+0.02−0.32 Suzaku [27]
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TABLE III: Constraints on the Johannsen deformation parameter α13 from stellar-mass black holes
using nkbb. The reported uncertainties correspond to the 90% CL (∆χ2 = 2.71).
Source α13 Instrument(s) Reference(s)
LMC X-1 0.32+0.04−3.1 RXTE [41]
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FIG. 1: Black hole accreting from a geometrically thin and optically thick accretion disk and with
a hot corona.
